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The phrase Intelhgent Tutoring Systems (ITS) covers a form of computer-based
mstruction (CBL that has also been called intelhigent computer-assisted instrucuion (1CA©
ITSs mua, be as antelhgently or un-mmtelhgently designed as any other torm ot CBIL
‘Intelhgent” in this case refers to a particular functionahity that 15 the goal of these systems
and 1s further defined in this discussion.

Although much n this presentation mayv be relevant 10 pnvate and public sector
education. it 1s focused on apphcatons of ITS to mubhitary traming. The presentation s also
tairly compressed. More could be said about @l the 1ssues 1t raises

Intelligent Tutoring Systems: Then and Now

Workshop on Advanced Training Technologies
and Learning Environments

9-10 March 1999

J. D. Fletcher
Institute for Defense Analyses



Summary

The object of this presentation 1s to suggest that:

Substantial improvements in instructional effectiveness may be obtained through
increascd tailoring of military training to the needs and capabilities of individual learners.
Routine provision of a single human instructor for every student i1s. with a few significant
exceptions. prohibitively expensive.

Individuahization of military training and its substantial benefits can be significantly
increased through the use of ITSs which generate instructional interactions tai:lored to the
needs of individual students. They substitute technology for human labor. thereby making
increased individualization economically feasible.

ITSs can thereby make high-quality training available anv time. anyv place and
tatlored to the needs of any student.

There are no unmanned systems. nor automatic operations. By increasing the
accessibility of high-qualitv. individualized training whenever. wherever. and to whomever
1t 1s needed. ITSs can improve readiness and operational effectiveness.

in Short ...

¢ Individualization is a good thing, but expensive.

* ITSs increase individualization through real-time, .
on-demand generation of relevant instructional
interactions.

* ITSs thereby make DoD training more accessible .
and relevant than is otherwise possible.

, * ITSs will improve operational effectiveness.




Individualized Instruction

Why should we care about tailoring training to individual students” Why should we
care about individualized instruction? Benjamin Bloom and his students attempted 1o
answer these questions by comparing the achievement of individually tutored students (one
thuman) teacher per one student) with that of classrooni students (one thuman) teacher per
28-32 students) (Bloom 1984). They found the difference in achievement to be about two
standard dewviations. which means. roughly. that tutoring improved the achievement of S0th
percentile students to that of 98th percentile students.

Is This Trip Necessary?

ON AVERAGE. TUTORED STUDENTS SCORE BETTER THAN 98°-
OF CLASSROOM STUDENTS -- A 2-SIGMA SHIFT

# Students

Classroom
Students

Tutored
Students

" Achievement |

Adapted From: Bloom, E. S. The Twoc Sigma Problem: The Search for Methods of Group
Instruction as Effective as One-t0-One Tutoring. Educational Researcher 13, 4-16 (1984)



Technology-Based Training May Answer Bloom’s Challenge

Comments on Bloom’s research might include the following:

Intwiively we would expect tutoring to effect some 1mprovement in achievement or
learning. What is remarkable about Bloom's finding is the size of the difference. Two
standard deviations 1s a very large difference.

Education 1s a worthy end in its own right. It 1s preparation for life and its learning
objectives can be more flexible and negotiable than they are in training. Educators are likely
to emphasize the maximization of learning assuming fixed costs. Training is a means to an
end -- operational effectiveness or readiness in the military and perhaps productivity in the
private sector. Its learning objectives are determined by the needs of jobs and careers and
not by the variable needs of students. Trainers in both the public and private sectors.
therefore. are likely to emphasize the minimization of costs to accomplish fixed levels of
learning. The ulumate goal of DoD training 15 improved readiness und operational
effectiveness.

Bloom’s research indicates an instructional imperative and an economic impossibility.
We need to break out of this dilemma. Technolngy and specifically ITSs may provide that.

Applications of computer technology are in their infancy. ITSs most probably apply an
old metaphor (one-on-one tutoring) to a new technology just as we originally attempted 10
make carriages run without horses or telegraphs operate without wires. The technology-
based instruction analog to the automobile, radio and television has vet to emerge and may
not even have been imagined. but it may well be in the direction of intelligent tutoring
systems.

Some Comments on Bloom’s Theme

i * It is a big difference.

i * We (DoD) are in this business to increase
1 accessibility and operational effectiveness.

| * We face a training imperative and an economic
| impossibility.

{ * What we seek will not be what we get. f




The Challenges of Classroom Instruction: Pace

At this point it seems reasonable to ask what ITSs offer that might solve Bloom's two
standard deviation challenge, or as Bloom calls it. the two sigma problem - sigma being
common symbol for standard deviation.

The varniability that classroom teachers must accommodate 1s daunting:

The ratio of ume needed by the slowest Kindergarten students to build words from
letters to the fastest Kinderganen students was found by Suppes (1964) to be 13:1.

Similar ratios for grade 5 students to master a unit of social studies were found to be
3:1 and 5:1 (Geuinger and White 1980)

In two studies of rates of learning bv hearing impaired and native American students
the ratios were found to be 4:1 (Suppes. Fletcher and Zanotti 1975 and 1976).

Based on @ range of research findings, Carroll (1970) estimated the overall rauo tor
elementary school students to be 5:1.

Even among highly selected students at a major research university the ratio needed by
undergraduates has been found to be 7:1 (Corbett 1998, personal communication).

NB: Individual Differences in Pace

 Ratio of time needed to build words from letters in ;
grade K -- 13:1

 Ratios of time needed to learn in grade 5 -- 3:1 and
5:1

» Ratios of time needed by hearing impaired and native
American students to reach mathematics objectives -
-4:1
] e Overall ratio of time needed to learn, K-8 -- 5:1

» Ratio of time needed by college undergraduates to ‘
learn LISP - 7:1 ‘
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The Challenges of Classroom Instruction: Interactivity

Those who study classroom interactions have tound that groups of students ask about
three questions an hour and that any single student in a class asks about 0.11 questions an
hour. By contrast. students in individual tutorial sessions have been found to ask 2030
questions an hour and have been required to answer 117-146 questions an hour. Finally.
students taking dnll and practice computer-based instruction answer 8-12 questions a
minute - questions that have been especially selected to meet the needs of the individual
student and that are immediately graded.

It is not difficult to see why the intensity of tutorial settings. either based on human
tutoring or computer tutoring might produce large differences in achievement. or reach
instructional objectives substantially more efficiently.

NB: Classroom and Tutorial Interactivity

| * Average number of questions asked by a class !
‘ during a classroom hour: 3 |

* Average number of questions asked by any student
during a classroom hour -- 0.11

* Average number of questions asked by a student l
during a tutorial hour -- 21.1 (Research methods); }
32.2 (Algebra) i

* Average number of questions students answered
during a tutorial hour -- 117.2 (Research Methods); !
146.4 (Algebra) |

* Average number of questions answered per minute |
in mathematics drill and practice CBI -- 10 "

%



What Individualization Has Technology
Provided in the Past?

What about dnll and practice? What about this technique of computer assisted
instruction that has been used from the late 1950s? What level of tutorial instruction was 1t
able 10 provide’

Notably, it could (a) accommodate each student’s rate of progress, allowing as much
or as little time as each individual student needed to reach instructional objectives: (b) adjust
the sequence of content to each student’s ieeds: (¢) adjust the content itself - ditterent
students would re-eive different content; (d) make the instruction as easy or as difficult as
necessary: (e) adjust to the learning style (e.g., verbal versus visual) that wis most
appropriate for each student. All of these capabilities have been available and used 1in
computer-based instruction since its inception in the 1950s (e.g.. Atkinson and Fletcher
1972; Suppes and Momingstar 1972: and Fletcher and Rockway 1986).

[
|

What About That Drill and Practice?

it tailored instruction to individuals by adjusting:
* Rate of progress
» Sequence of content

e Content itself

» Difficulty

 Style
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What Are the Unique Contributions
of Intelligent Tutoring Systems?

What then is left for ITSs to provide? What can we get from them that is not otherwise
available? Three candidate functionalities may deserve mention:

Iy The ability to capture the interactions of one-on-one tutoring.

2) The ability to generate instructional material and interactions as needed rather than
foresee and pre-store all such matenials and interactions needed to meet ll possible
eventualities.

3) Related to the above, the ability to allow either the computer or the student to ask
open-ended questions and initiate instructional dialogue as needed or desired.

The key defining characteristic of ITSs then, is not application of computer techniques
from artificial intelligence or knowledge representation. although these may be essentizl. but
rather the functional capability to generate in real-time and on-demand instructional
interactions that are tailored to student requests and/or needs. It was this generative
capability that motivated DoD to invest in ITSs in the first place (Fletcher 1988) The
motivation was to reduce or eliminate the high costs of foreseeing or predicting all possibly
needed materials and interactions and then programming them into computer-based
instruction.

[ What, Then, Do We Get From ICAITS?

What's New? g Lo

Perhaps three things:
* Individualized Tutoring
(versus Automated Teaching)

* Generative Capability
(versus Pre-stored Material)

* Mixed-Initiative Dialogue
(versus Computer Initiated Dialogue)

The key may be real-time, on-demand generation of
i i li ons tail t

o requests and/or needs.
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An Example of An Intelligent Tutoring System At Work

An example of these capabilities at work may be found in a student-computer mixed-
initiative  dialogue taken from the SOPHIE (Sophisticated Instrucuonal Environment)
svstem (Brown, Burton and DeKleer 1982). SOPHIE used a general-purpose electronic
simulator to represent an electronic power supply and create a reactive. tutorial environment
for training electronic troubleshooting. SOPHIE employed a semantic network of
information about the power supply. one of the most sophisticated natural language
understanders ever built into an I't'S. and an articulate, expert troubleshooting capability that
could not only solve arbitrary fauits introduced by students or instructors. but also explain to
the student how i1t solved them.

The reactive environment in SOPHIE responded in a veridical fashion to the actions
and decisions of a student engaged in practical problem solving. It emploved strategies akin
to those used by the student to make inferences about the circuit based on the studenr’s
measurements. Because the inferencing strategies were like those of the student. SOPHIE
could determine which deductions the student was using, construct a model ot his/her state
of knowledge. and use this model to generate explanations in terms that the student was
prepared to understand. SOPHIE highlighted the need for intelligent training systems not
only to solve arbitrary problems, but to do so in a way that can be explained 10 students and
be understood by them.

The first student-SOPHIE interaction is a straight-forward question and answer.
SOPHIE has introduced a fault into the simulated power supply and the student is trving to
locate and repair it.

ITS Example
Troubleshooting Tutorial Dialogue From SOPHIE

. Student: What is the base emitter voitage of the voltage
limiting transistor? !

. SOPHIE: The base emitter voltage of Q5 is -.037 volts.
Student: What about for the current limiting transistor?

SOPHIE: The base emitter voltage of Q8 is .349 volts.




An Example of An Intelligent Tutoring System At Work (Cont’d.)

The second student-SOPHIE interaction i1s a little less straight-forward because. 1n
addituion to simulating the faulted power supply. SOPHIE must be able to parse the dialogue
sufficiently to know that the student is asking for the base emitter voltage of transistor Q8.
The meaning of the student’s question depends heavily on the context established by his
prior question.

The third student-SOPHIE interaction continues its dependence on SOPHIE s
understanding of context and additionally requires SOPHIE to extract the answer by
simulating both the faulted power supply and one that i< operating correctly.

The fourth student-SOPHIE interaction indicates a clear step beyond what Brown el
al. described as a knowledgeable system to an intelligent system. SOPHIE has progressed
from a knowledgeable parsing of its dialogue with the student and simulation of various
states of the power supply to a system exercising tutorial intelligence. It shadowed the
student’s solution path. modeled the student’s troubieshooting hypotheses. determined that
they are incorrect, elected to capture the dialogue initiative back from the student. and is
undertaking a series of tutonial interactions intended to lead the student back to a more
correct approach to the problem.

It 1s difficult to imagine any way to achieve this level of instructional functionahty
without a generative capability, which is, then, a defining characteristic of ITSs.
distinguishing them from other forms of computer-based instruction.

ITS Example (Cont’d.)
Troubleshooting Tutorial Dialogue From SOPHIE

Student: What should it be?

| SOPHIE: In a working circuit, the base emitter voltage of *
| Q8 is .593 volts.

| Student: Replace Q8. |

. SOPHIE: | am going to ask you some questions about
how Q8 is faulted. Are any junctions shorted?
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What’s the Underlying Technical Idea?

Achieving these instructional functionalities requires a technical idea. This idea was
first articulated by Jaime Carbonell in 1970. It avoids ad-hoc frame-oriented instructional
approaches such as those seen in programmed texts and is best described as “intrinsic
programming™ (Crowder 1959). This frame-oriented approach is still found ubiquitously in
computer-based instruction. In its place. Carbonell recommended an information systems
orientation approach or. as we might say today. an approach based on knowledge
representation.

What Was the Underlying Technical Idea?

Carbonell, J. R.,, “Al in CAl: An Artificial Intelligence
Approach to Computer-Assisted Instruction,” /EEE
Transactions on Man-Machine Systems, Vol. 11, 1970,
pp. 190-202.

The key idea was:

Information Systems Oriented (ISO) Systems
in place of
Ad-hoc Frame Oriented (AFO) Systems




The Structure of Intelligent Tutoring Systems

An approach such as that defined by the functionalities possessed by SOPHIE and
other ITSs and described by Carbonell involves computer representation or modeling of the
student. the subject matter, and expert tutoring (Fletcher 1975). This approach. involving
information systems and knowledge representation. is now commonly understood and found
to a significant degree in ITSs. As Regian et al. (1996) have emphasized. our ability to
represent human cognition has gained considerable potency with advances made in
cognitive science over the last ten years. thereby enhancing substanually the promise and
capabilities of ITSs

— e e

’_'._———'__‘*—“'_-1.,___-‘
~~ Student Model

Subject Matter Expertise™.
"-\(“'hcre are we now?)

e (Where are wew |
/S |
|
]

- |

Instructional Expertise

' ‘.. (How to get from here to there)

! \___ _4,,,// :
b |
v

il Interface ‘—"“)
———____tDialogue with the Student)
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Are We Getting Anvwhere? Effectiveness.

After more than twenty. or perhaps thirty vears (Feurzeig, et al. 1964) of developing
ITSs. it may be reasonable to ask how they. or we. are doing. Are they instructionally more
effective than what we have? Are thev getting better? What data do we have to support the
intuitive appeal of ITSs? In a review of 233 empirical evaluations almost entirely made up
of standard (non-ITS) computer-based mstruction compared with conventional classroom
approaches. Kulik (1994) reported an cffect size advantage for computer-based approaches
of about 0.39 standard deviations, or roughly an improvement of 50th percenule students o
about the 65th percentile of achievement. In an attempt to determine the advantages to
instruction added by multimedia capabilities. Fletcher (1990) reviewed 47 evaluations of
interactive multimedia instruction compared to conventional classroom approaches. and
found an effect size advantage tor these approaches of about 0.50 standard deviations. or
roughly. an improvement of 50th percentile students to about the 69th percenule of
achtevement. A review performed for this workshop involving 11 ITS evaluations found an
effect size advantage for ITSs of about 0.84 standard deviations. or roughly. an
improvement of 50th percentile students to about the 79th percentile of achievement. In a
recent review covering five evaluations of the SHERLOCK ITS. Gott. Kane and Lesgold
(1995). show an overall effect size advantage for SHERLOCK of about 1.05 standard
deviations. or roughly. an improvement of 50th percentile students to about the 85th
percentile of achievemnent. We cannot say if we will achieve Bloom’s target improvement
of two standard deviations. or even exceed 1t. but the available evidence sugge ts that we
are progressing in the right direction.

How Are We Doing?

some Elfect Suzes for 1echnology -Based lnstruction

1.20 1 =
i
3 A0 U
ERTR )
= .60 £ 50
g 0.39
= .40 1
T o020 A
1).(H)
Computer Interactive "Intelligent” Recent
Based Multimedia Tutoring Intelhigent
Instruction Instruction Systems Tutars
(233 Studies) (47 Studies) (11 Studies) (3 Studies
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Are We Getting Anywhere? Costs.

Nearly all administrative decision making must consider what s to be gain=d 1n the
light of what must be given up 10 get it. Generally, these decisions involve tradeoffs
between cos's and effectiveness. Decision making in training 1s no different. Costs must be
considered as well as effectiveness.

Most ITSs intended for DoD training simulate devices that students must leamn to
operate or maintain. These devices may cost 1-2 orders of magnitude more than a desktop
computer system used to host an ITS. This consideration suggests that favorable cost
arguments can be made for ITSs. Unfortunately. little such data exists. However. cost data
can be extracted from evaluations that used adequatc models of costs 1o assess the benefits
of computer-based instruction using simulated equipment.

A review performed for this presentation found nine evaluations in which the
performance of computer-based instruction students trained on simulated equipment and
tested on real equipment was found to be at least as good as that of students trained using
only real equipment. In fact. the performance of the computer-based instruction students
was superior in every case. but the requirement for inclusion in this review was that it only
be as good. The ratios of costs for the computer-based instruction to the more conventional
instruction using real equipment are shown in three categories: initial investment costs 1o
d2velop and implement both types of training; operating and suppor' costs to support both
types of training once 1t is in place: and these two cost categones combined. The smaller the
rauo then. the better the news for the technology-based training. The results are as shown:
043 forinitial investment: 0.16 for operating and support: and (.35 overall.

Eiﬂl!!& for1 §$ﬂﬂ‘!"2]’!'ﬁﬂ&ﬂ [ﬂklﬂlﬁlitﬂ {1}
Conventional Classroom Instruction Costs

9 Studies)
050
R 0.40
L= 030
x
7 020
= 0.10

(LR

Imiial Investment Operatng and Combined Costs

Costs Support € osts
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Are We Getting Anywhere? Time to V.earn.

Technology-based 1nstruction should reduce time to reach instructional objectives. By
avording matenial the student already knows. concentrating on material vet to be learned. and
otherwise keving on each student’s pace and stvle. technology should allow learmng to occur
more quickly. The reviews of evaluation studies shown in this shide (where the “Ns7 refer to
numbers of studies reviewed) suggest that these time savings can be obtained and that they
average about 30 percent. This 1s a robust finding in that 1t appears almost ievitably across
many independently performed reviews.

- ]

e e
\ Percent Time Savings for Technology-Based
]
| Instruction |
]
|
i !
o 060 | !
< .
T 0.50 i
(0] ]
& 0.40 |
| E 03¢ l
= 030 =
; E 0.20 = '—I
‘ o % |
: T 010 a—
£ 000 , ' i
Orlansky & Fletcher Kulik Higher  Kulik Adult  Johnsten & i
String (1990) Education Education Fletcher I
(1979 (N=8) (1994 (1994 (1995, i
N=13 (N=IT) iN=15) (IN=12) i
]
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Some Cost Implications of Savings in Time to Learn

To take an example. what would be the cost benefit of reducing time 10 perform
specralized skill training for all Doy students? Specialized skill training 15 &
Congressionally defined category that provides officer and enlisted personnel with skills and
knowledge needed to perform specific jobs. It 1s performed in formally convened mulitary
schools. It provides initial training and certification for military occupational specialties
such as vehicle mechanics. electronics repair and radar operation. It does not include recrun
traiming. fhght training. traming performed by operational units or field exercises In FY
1999 the DoD will provide specialized skill traiming for about 900.000 students at 4 cost of
about 54 4 hillion

Suppose we were to save 30 percent of the ume to provide this traiming 1o about 20
percent of the speciahized skill students. How much would the DoD save’ There s a
modestly-careful cost analysis behind this finding, but the end result suggests, as the chan
shows. that the DoD would save about $263 million each year Suppose we were to save 30
percent of the ume to provide this training to about 60 pe—ent of the speciahized skill
students. How much would the Dol) save ’ A« the chart shows. the savings would be about
£789 million cach yvear A ume savings of 30 percent 1s not at all unreasonable. as the
reviews of time savings show. When a concentrated effort 1s made 1o reduce time 1o traimn. as
for instance. Noja (1987) has done. 1t 15 not unreasonable to expect rehiable time savings of
50 percent

Savings across Dol from 3¢ Reduction in Speciali
Skill Traimng Time

1200 R — =
$1.85)
1K) - 1
2 b i g
Soson o |
= M e ST
f |
- TR -
NUTEE 3 f \&.&
¥
4 v — —— —_—— . =
207 e i LU

Percent of Students € overed



The “Thirds™

In summary. all of the assessments of technology-based instruction leave us with “the
thirds.” Use ot technology reduces the cost of instruction by about one-third and.
additionally. 1t either reduces time to reach given instructional objectives by one-third or 1t
increases the achievement of 1ts students by about one-third. The primary payvoft tor the DoD
1s. of course. the more rapid preparation of military personnel for operational duties and the
increased accessibility of training for sustaining and increasing personal competencies within
operational units.

The “Thirds”

Use of technology-based instruction reduces cost of
instruction by about 1/3

And

Either ...
* Reduces time of instruction by about 1/3

Or...
* Increases effectiveness of instruction by about
1/3

But the REAL Payoff is in Improved Readiness
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Some Conclusions

More extensive tailoring of instruction to the needs of individual students obtained
through the use of ITSs can only be expected to increase. ITSs may raise the bar for the
ulumate effectiveness of technology-based instruction. They may make available far greater
efficiencies than we can now obtain from other approaches using technology in instruction.
More concentrated attention to the systematic and empirical assessment of ITSs should
improve their capabilities and promise. In a formative sense these assessments should
improve the design of environments in which individuals learn effectively and efficiently.

In & summative sense. they may demonstrate 1o all stakeholders that the results are worth the
effort.

In Conclusion ...

« ITSs must assert their unique capabilities to raise the
ceiling on training effectiveness and efficiency.

* Individualization anc generative capacity may be key
* We could use more data:

- Formative
- Summative (costs)
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